INTRODUCTION
Human parotid and submandibular salivas contain several closely related acidic proline-rich phosphoproteins (PRPs), which were identified by isolation [Proteins A and C (Bennick & Connell, 1971) ; (Oppenheim et al., 1971) ], or by studies of protein polymorphism [identified as PIF-s, PIF-f, Db-s, Db-f and Pa (Azen & Oppenheim, 1973; Friedman & Merritt, 1975; Azen & Denniston, 1974 , 1981 ]. The primary structures of four PRPs have been reported, namely Protein C (identical with PRP-1) (Wong & Bennick, 1980) , , Protein A (identical with PRP-3) (Wong et al., 1979) and . The designations PRP-1, -2, -3 and -4 will be used here. PRP-1 and -2 are 150-amino-acid-residue proteins which were reported to differ in that residue 4 was Asn in PRP-1 and Asp in PRP-2 (Schlesinger et al., 1977) . are composed of 106 residues, which are identical with the first 106 residues of PRP-1 and PRP-2 respectively. Because of this identity of structure, the co-inheritance of the protein pairs PRP-1/PRP-3 and PRP-2/PRP-4 (Azen & Oppenheim, 1973) , and the presence in saliva of the 44-residue peptide corresponding to residues of the larger proteins (Isemura et al., 1980) , the smaller proteins are considered to be derived from the larger molecules by post-translational cleavage (Karn et al., 1979; Wong et al., 1983) .
PRPs isolated in two independent investigations (Bennick & Connell, 1971; Oppenheim et al., 1971) appeared to be of high purity in that they each gave a single band on native and SDS/polyacrylamide-gel electrophoresis and conventional electrofocusing, a single peak on gel filtration, anion-exchange and C18 reverse-phase chromatography, and appeared homogeneous when sequenced. Nonetheless, it was found more recently (Schluckebier et al., 1986 ) that some tryptic peptides (residues 1-30, 31-74 and 31-106) from preparations of PRP-1 and PRP-3 were heterogeneous when examined by methods with higher resolution than those used previously. The corresponding peptides from PRP-2 and PRP-4, however, appeared essentially homogeneous under the same conditions. Coincident with these observations, Maeda et al. (1985) reported sequences of cDNA clones corresponding to acidic PRP mRNA from a subject in whom the expression of the PRPs was limited to the pairs PRP-1/ PRP-3 and PIF-s/PIF-f. Two sequences of the same length as PRP-1 and PIF-s were deduced from the cDNA data, which differed in position 4 position 50 (PRP-1), the opposite arrangement was found in the other deduced sequence (PIF-s). These sequences agreed completely with the previously determined amino acid sequence of protein C, except that in this protein residues 4 and 50 were both identified as Asn, suggesting that it was a mixture of PRP-1 and PIF-s. An attempt was made by Kim & Maeda (1986) to assign these sequences to PRP-1 and PIF-s. They suggested that PIF-s had Asn at position 4 and Asp at position 50, but the assignment was ambiguous, because part of the cDNA was derived from a subject who was heterozygous for PRP-1, who synthesized PRP-2 as well.
Because of the discrepancies between the primary structures of the PRPs determined by amino acid sequencing, and those proposed from cDNA data, and since PIF-s and PIF-f have not been isolated and characterized, the purpose of this study was to explain the above-noted discrepancies and to assign correct sequences to the primary gene products PRP-1, PIF-s and PRP-2, and to the derived proteins, PRP-3, PIF-f and PRP-4. Bennick & Connell (1971) . For large-scale preparation of PRPs, stimulated parotid saliva collected from a group of 20 subjects was pooled, dialysed against water and freezedried to give a stock of parotid salivary proteins. Isoelectric focusing PRP phenotypes were determined and individual purified PRPs were identified by isoelectric focusing on a horizontal slab gel with a gradient from pH 3.5 to 5.2 as described by Azen & Denniston (1981) . The protein bands were made visible by treating the gel with 20 % (w/v) trichloroacetic acid for 20 min. Column chromatography A mixture of freeze-dried parotid salivary protein (5 g) from 20 subjects was chromatographed on DEAESephadex as described by Hay (1975) to obtain the PRPcontaining fraction. This was chromatographed with shallow chloride gradients (Oppenheim et al., 1971; Hay & Oppenheim, 1974) to give partially purified preparations of the PRPs. The individual PRPs were obtained from these preparations by fast protein liquid chromatography (FPLC) on a 0.79 cm2 x 10 cm Mono-Q anion-exchange column (Pharmacia). Saliva samples from individual subjects were treated to remove kallikrein by chromatography on Sepharose 4B to which had been coupled pancreatic trypsin inhibitor as outlined by Wong et al. (1983) . This was followed by separation on Sephadex G-50 and CM32 CM-cellulose as described by Bennick (1975 Bennick ( , 1977a ). Individual purified PRPs were then obtained by FPLC on a 0.2 cm2 x 5 cm Mono-Q anion-exchange column. Specific details for each fractionation are given in the Results section.
MATERIALS AND METHODS

Tryptic digestion
Purified PRP-3, PIF-f and PRP-4 were digested with trypsin for 5 min as described by Wong et al. (1979) , and the enzyme was inactivated by adding pancreatic trypsin inhibitor. Under these conditions, cleavage is essentially restricted to Arg30-Gln31 (see the Results section; Fig. 6) to give the acidic, 30-residue, phosphorylated N-terminal peptide (TX peptide) and the 76-residue C-terminal segment, residues 31-106 (TY peptide). This selective cleavage stems from the much slower cleavage rate at Arg-Pro and Lys-Pro bonds, compared with other bonds (Allen, 1981) . Purified PRP-1, PIF-s and PRP-2 were treated as described previously , 1981 ) to give TX peptides and the peptide formed by residues 31-74.
Polyacrylamide-gel electrophoresis
Basic gels. For separation of TX peptides, a 30 %-polyacrylamide slab gel (17 cm x 15 cm, 0.8 mm thick) was used. The gel buffer was 0.5 M-Tris sulphate, pH 9.0, and the reservoir buffer 0.065 M-Tris borate, pH 9.0 (Smith et al., 1975) . The samples contained approx. 1 jug of TX peptide. A potential of 130 V was applied for 22 h. The phosphopeptides were stained with Stains-All (Green et al., 1973) .
Acidic gels. To seperate TY peptides, electrophoresis was done in a 25 %-polyacrylamide gel (8 cm x 6 cm, 0.75 cm thick; 'Minigel', from Hoefer Scientific Instruments, San Francisco, CA, U.S.A.). The gel and reservoir buffers were 0.25 M-sodium cacodylate, pH 5.5. Before use, persulphate was removed by electrophoresis at 150V for 16h. Approx. I jig of each of the TY peptides was applied. A current of 6 mA was maintained for 5-6 h at 5 'C. The gel was stained by a modification of the method described by Sung & Smithies (1969) .
Amino acid sequence analysis
Before sequence analysis PRP-1, PRP-2, PRP-3, PRP-4, PIF-s and PIF-f were treated with pyroglutamate aminopeptidase to remove N-terminal pyrrolidonecarboxylic acid as previously described (Schlesinger et al., 1977) . These preparations were sequenced as described below to identify the residue at position 4. To identify the residue at position 50 the same proteins were digested with trypsin, but not with pyroglutamate aminopeptidase, and subjected to the sequence analysis. Also, purified TY peptides derived from PRP-3, and PIF-f were subjected to sequence analysis. Automated Edman degradations were performed on a gas-phase protein sequenator (model 470A; Applied Biosystems Inc., Foster City, CA, U.S.A.), by using a single-coupling single-cleavage protein program. The resulting amino acid phenylthiohydantoins were identified on a reversed-phase small-bore on-line high-perfor- 5). An unexplained feature of these results is that even the highly purified proteins show unexpected and apparently artifactual minor bands. It is possible that this is due to deamidation, since incubation of pure PRPs under conditions known to cause deamidation (Lewis et al., 1981) increases the intensity of the minor bands when proteins treated in this manner are examined by electrofocusing. Purification of PRP-1, PIF-s and PRP-2 Previously reported procedures (Oppenheim et al., 1971) gave the electrophoretically distinct and chromatographically separable proteins 'PRP-1' and 'PRP-2'. This separation was not easily achieved, and involved several repetitions of an anion-exchange step to give apparently homogeneous proteins. Analytical-scale (approx. 5 ,ug) re-examination of 'PRP-1' by FPLC on a Mono-Q anion-exchange column (0.2 cm2 x 5 cm) with a chloride gradient (0.22-0.30 M-NaCl in 0.5 M-Tris/HCl, pH 8.0, flow rate 1 ml/min, over 25 min), with monitoring of the eluate at 220 nm, showed the previous preparation of 'PRP-1' to contain two major protein constituents (Fig. 2) , now designated PIF-s and authentic PRP-1. The 'PRP-2' preparation was found to contain mainly PRP-2, but some PRP-1 was also present (Fig. 2) . The preparation previously designated as Protein A (PRP-3), actually a mixture of authentic PRP-3 and PIF-f (Fig. 1, lane 2) , was prepared from A. B.'s parotid saliva as described by Bennick (1975) . Approx. 800 ,g of this protein was applied to a Mono-Q column (0.2 cm2 x 5 cm) and eluted with an NH4HCO3 gradient (0.25-1.0M, pH 8.3), the eluate being monitored at 220 nm. Fractions forming the two peaks obtained (similar to those obtained for PRP-1 and PIF-s; Fig. 2) were pooled separately and chromatographed three times under the same conditions to give highly purified preparations of PRP-3 and PIF-f. Central cuts of the peaks were pooled, and the identity and purity of the proteins were confirmed by isoelectric focusing (Fig. 1 , lar'Is 3 and 4).
Purification of PRP4
Parotid saliva (400 ml) was collected from D. H. Kallikrein was removed from other salivary proteins by passing the sample through a Sepharose 4B column (15 ml) to which had been coupled pancreatic trypsin inhibitor. The column was equilibrated with 0.1 M-Tris/ HCI, pH 8.6, and eluted with the same buffer until all unbound protein had been recovered. The product was dialysed against 10 mM-EDTA and then water, chromatographed on a Sephadex G-50 column, and the first peak obtained was chromatographed on a column of CM32 CM-cellulose as previously described (Bennick, 1975 (Bennick, , 1977a . The first peak eluted from the column contained PRP-4, which was purified further by FPLC using a Mono-Q column as described for PRP-3 and PIF-f. The elution profile from the latter separation Vol. 255 showed a single symmetrical peak. The product was shown by isoelectric focusing to contain only PRP-4 (Fig. 1, lane 6 ). Purification and electrophoretic characterization of tryptic peptides Chromatography of tryptic peptides from PRP-3 and from PIF-f on a Mono-Q column gave distinctly different elution profiles. For the PRP-3 digest (Fig. 3a) , the Cterminal TY peptide was eluted in the starting buffer, the undigested PRP-3 at 0.58 M-NH4HCO3, and the Nterminal TX peptide at 0.7 M-NH4HCO3. In contrast, the TY peptide from the PIF-f digest was not eluted until after the gradient had been applied (Fig. 3b) , at about 0.3 M-NH4HCO3, the undigested PIF-f was eluted slightly earlier than PRP-3, and the TX peptide from PIF-f was eluted significantly earlier than the corresponding peptide from PIF-s, at about 0.65 M-NH4HCO3.
Basic-gel electrophoresis of tryptic digests of PRP-3, PRP-4 and PIF-f, and TX peptides purified from the digests, gave the results shown in Fig. 4 . Only the acidic phosphorylated N-terminal TX peptides enter the gel and appear as blue-coloured bands, typical of phosphorylated proteins and peptides (Azen, 1978) . The original preparation of 'PRP-3' (now shown to be a mixture of authentic PRP-3 and PIF-f) gave two such bands, but the tryptic digests of PRP-3 and PRP-4 and the purified TX peptides prepared from PRP-3 gave only one band which corresponded to the faster-migrating phosphorylated TX peptides The origin is at the cathode (top). Approx. 1 ,tg of each of the TX peptides was applied and, after electrophoresis, the gel was stained with Stains-All. Lanes: 1, tryptic digest of 'PRP-3' (Protein A; a mixture of authentic PRP-3 and PIF-f); 2, tryptic digest of purified PRP-4; 3, tryptic digest of purified PRP-3; 4, TX peptide isolated from a digest of PRP-3; 5, tryptic digest of PIF-f; 6, peptide TX isolated from a digest of PIF-f.
band from 'PRP-3'. The tryptic digest of PIF-f and the TX peptide prepared from PIF-f gave a single band with a mobility identical with that of the slower-migrating band from 'PRP-3'. These results suggest that the TX peptides from PRP-3 and PRP-4 are identical and possess a higher negative charge than the corresponding peptide from PIF-f.
The results of acidic-gel electrophoresis of tryptic digests of PRP-3, PRP-4 and PIF-f, and C-terminal TY peptides prepared from these proteins, are shown in Fig.  5 . Under the experimental conditions used, undigested protein and the N-terminal TX peptide do not enter the gel. The digest of 'PRP-3' (mixture of authentic PRP-3 and PIF-f) showed two heavily stained bands corresponding to the TY peptides, but digests of PRP-4 and PIF-f as well as TY purified from PIF-f showed only a single heavily stained band with mobility corresponding to the slower-migrating component of the digest. Electrophoresis of a tryptic digest of PRP-3 and the TY peptide prepared from the digest both showed a single band that migrated at the same rate as the faster band of the 'PRP-3' digest. Minor bands are seen because of additional but much slower tryptic cleavages at Arg-Pro and Lys-Pro bonds. These results are consistent with the TY peptide from both PIF-f and PRP-4 having an additional negative charge compared with the same peptide prepared from PRP-3. The origin is at the anode (top). About 1 jug of each of the TY peptides was applied. After electrophoresis the gel was stained with Naphthol Blue-Black. Lanes: 1 and 7, tryptic digest of 'PRP-3' (Protein A; mixture of authentic PRP-3 and PIF-f); 2, tryptic digest of PRP-4; 3, tryptic digest of PIF-f; 4, TY peptide isolated from a digest of PIF-f; 5, tryptic digest of purified PRP-3; 6, TY peptide prepared from purified PRP-3.
Sequencing of PRP-1, PIF-s, PRP-2, PRP-3, PIF-f and PRP4 The results of amino acid sequence analysis of residue 4 of these six proteins showed unequivocally that this position is Asp in PRP-1, PRP-2, PRP-3 and PRP-4, and Asn in PIF-s and PIF-f. Also, the 'mixture' sequence analyses of the tryptic peptides from the six PRPs, and the purified TY peptides from PIF-f and PRP-3, provided unequivocal identification of the position 50 (cycle 20 of the automated Edman degradation) as Asn in PRP-1 and PRP-3, and Asp in PIF-s, PIF-f, PRP-2 and PRP-4. For example, the net yields from sequencing of the purified TY peptides are shown in Fig. 6.   1 10
The revised sequence of PRP-I is shown in Fig. 7 , and the variations in the structures of the six PRPs investigated are given in Fig. 8 . Differences from the previously published sequences are at residues 4 and 50. PRP-1 and PIF-s are now shown to be positional isomers, in which the aspartate and asparagine residues at positions 4 and 50, respectively, in PRP-1 are reversed in PIF-s. In PRP-2, both positions are aspartate. These sequences are now consistent with those proposed for PRP-1 and PRP-3, and PIF-s and PIF-f, from cDNA sequence determinations (Maeda et al., 1985) , and are consistent with the observed differences in chromatographic and electrophoretic behaviours of the proteins and derived peptides discussed below.
DISCUSSION
Knowledge of the structures of the PRPs is important for several reasons. Thus these proteins form 10 40 o of the protein present in human glandular salivas (Kousvelari et al., 1980; Baum et al., 1982; Mandel & Bennick, 1983) . Functionally, they act as inhibitors of surfaceinduced calcium phosphate precipitation on to teeth from saliva (Hay & Gron, 1976; Moreno et al., 1979) , which is highly supersaturated with respect to enamel mineral , and they also act as Ca2"-binding proteins (Bennick, 1977b) . These properties consort to provide a protective and reparative environment for dental enamel, which is important for the integrity of the teeth.
For the PRPs to act as inhibitors of surface-induced calcium phosphate precipitation, they must adsorb on mineral surfaces (Hay, 1973) , such as tooth surfaces, where they form part of the adsorbed protein film, or pellicle, normally present on teeth (Kousvelari et al., 1980; Bennick et al., 1983) . In this location the PRP may also act as receptors for commensal and pathogenic organisms which colonize teeth, and recently the PRP have been identified as selective mediators of bacterial adhesion to hydroxyapatite (Gibbons & Hay, 1988a,b) , which is the prototype mineral for dental enamel. This observation seems highly significant in that differences in the phenotypic expression of the PRPs have been related to variations in oral disease (Friedman et al., 1980; Yu et al., 1986) . All the foregoing properties depend on structural features of the PRPs (Bennick et al., , 1981 Moreno et al., 1982 Moreno et al., , 1984 Aoba et al., 1984; Hay et al., 1987) . For example, the single-residue substitutions of Asp for Asn, identified in the present studies, significantly change the adsorption affinities of the PRP for hydroxyapatite surfaces Moreno et al., 1982 Moreno et al., , 1984 . The sequences above were determined in a gas-phase sequencer by using 1.75 nmol of TY from PIF-f, and 3 nmol of TY from PRP-3, purified from their respective tryptic digests. The net yields are shown (below the sequence) for cycles 20-21. In these cycles there was no net yield of other amino acids except for TY from PIF-f, where 3 pmol of P was found in cycle 21. The findings reported here now define the complete primary structures of the three 150-residue primary gene products, PRP-1, PIF-s and PRP-2, and the three 106-residue derived proteins, PRP-3, PIF-f and PRP-4, considered to be formed by post-translational cleavage of the larger PRP at Arg106 (Fig. 7) . The experimentally determined structures of PRP-1 and PIF-s are now consistent with those proposed from cDNA sequences (Maeda et al., 1985) and correct the previous assignments of Asn at position 4 in PRP-1 (Wong & Bennick, 1980) , now corrected to Asp, and Asn at position 50 in PRP-2 , also corrected to Asp. In addition, PIF-s, previously identified by electrofocusing (Azen & Denniston, 1974) Further confirmatory evidence of the proposed sequences is obtained from the electrophoretic and chromatographic properties of the PRPs and their tryptic peptides. These properties are completely consistent with the structures and charge distribution now proposed. To examine the TX peptides (residues 1-30), a 30 opolyacrylamide gel was used to prevent this highly negatively charged small peptide from travelling at the dye front. Because they are phosphorylated, the TX peptides stain readily with Stains-All, although they stained poorly with conventional silver stains. The electrophoretic patterns (Fig. 4) confirm the purity of the preparations, and the mobilities of the TX peptides are consistent with the presence of Asp in position 4 in PRP-3 and PRP-4, and with Asn at this location in PIF-f.
To maximize differences in electrophoretic mobilities of the TY peptides, a buffer system at pH 5.5 was used. At this pH all the acidic side chains are charged (Bennick et al., 1981) , so increasing the possibility of determining a difference of one negative charge, but the imidazole rings in histidine would be positively charged, thereby increasing the cationic mobility of the peptides. These peptides stained easily by a modified version of the Naphthol Blue/cobalt nitrate method of Sung & Smithies (1969) , although they could not be stained by conventional silver staining. The relative mobilities of the TY peptides (Fig. 5) are consistent with the TY peptide from PRP-3 containing Asn, and the TY peptides from PIF-f and PRP-4 containing Asp at residue 50. Similar results were obtained for PRP-1, PIF-s and PRP-2.
The chromatographic behaviour of tryptic peptides from PIF-f and PRP-3 on a Mono-Q anion-exchange column also fits with the revised structures. Fig. 3(a) shows that peptide TY from PRP-3 (Asn at 50) is not retarded on this column, whereas the corresponding peptide from PIF-f (Asp at 50) is significantly retarded (Fig. 3b) . Similarly, the TX peptide from PRP-3 (Asp at 4) is considerably more retarded than the corresponding TX peptide from PIF-f (Asn at 4). The later elution of PRP-3 compared with PIF-f is also seen.
The electrofocusing results ( Fig. 1 ) are also consistent with the revised structures. Thus PRP-2, which has an additional negative charge compared with both PIF-s
-ASD------------Asn-------------
and PRP-1, has a significantly lower isoelectric point than the last two proteins. Since PIF-s and PRP-1 have identical charges and compositions, it might be expected that they would not be resolved. In fact, PIF-s has a slightly lower isoelectric point than PRP-1. Presumably the local environments at positions 4 and 50 are sufficiently different to affect the pK of the Asp at these two locations. The fact that PIF-s was eluted earlier than PRP-1 from the Mono-Q column, but has a lower isoelectric point, is not contradictory, since all acidic residues will be fully ionized at the pH at which this chromatography was performed, a point which emphasizes the significance of the role of structural features in chromatographic behaviour (Regnier, 1987) . The foregoing considerations also apply to the behaviours of PRP-3, PIF-f and PRP-4. The biological significance of these variations in the primary structures of the PRPs, which are widely distributed throughout the human population, and the significance of the occurrence of the 150-residue and 106-residue proteins, are not yet known. Similar variations may be expected for the incompletely characterized protein pair Db-s and Db-f, although these proteins appear to be larger than the other PRPs (Azen & Denniston, 1974) , and Pa differs from the other PRPs in that it contains cysteine (Friedman & Merritt, 1975) . Further work is needed to clarify these problems.
Note added in proof (received 18 July 1988) Since the preparation of this manuscript, a paper by Azen et al. (1987) , reporting the DNA sequences coding for the proteins Db-s, Db-f and Pa, came to our attention.
